ABSTRACT: This paper presents a novel method of inkjet printed Barium-Strontium-Titanate (BST) material for low-cost RF application. To demonstrate its capability in phased array antenna application, a compact continuously tunable load line phase shifter in the frequency range from 8 GHz to 10 GHz is realized. The BST thick-film is printed at the areas which interdigital capacitors are later patterned. A phase shift of 175° and the figure of merit (FoM) of 20° /dB at 10GHz are achieved. The size of the planer circuit is 8mm × 6mm.
INTRODUCTION
A linear passive antenna array is one of the solutions to reduce the phased array system complexity and cost. In this concept each antenna element uses a phase shifter [1] , [2] as depicted in Fig. 1(a) . The phased array antenna consists of three different units, i.e. feeding network, phase shifter and antenna. In recent years plenty of works have been reported to reduce the complexity of the fabrication process [3] , [4] . The phase shifter is the key component in such a system. A tunable compact phase shifter can reduce the total size of the phased array system, especially in a phased array with large number of units. The power consumption of each phase shifter is important as well. The kernel elements in the phase shifters are varactors, which can be realized by different technologies. One of the low cost and simple solutions is using of ferroelectric materials, especially BST [5] . The relative permittivity of BST can be changed by applying an electrostatic field across it. It has several advantages that make it suitable for microwave tunable devices such as adequate dielectric loss, compactness, low tuning power consumption, high power handling capability and high tuning speed [5] . In the following, the printing of BST thick-films by the inkjet printing technology is discussed. Afterwards the prototyped phase shifter is demonstrated.
INKJET PRINTING OF BST
To fabricate ferroelectric films for tunable RF components, different technologies can be applied, such as thin-film and thick-film processes. The thick-film process is simple and low cost, and therefore suitable for applications. There have been some efforts to reduce the number of processing steps for fabrication of antenna arrays based on printed BST [3] . Fig. 1(b) shows a phase array antenna based on screen printed BST thick-film with integrated phase shifter. The inkjet printing technology offers some advantages, compared to the screen printing technologies such as flexible fabrication process and simultaneous multi material printing option. In this work, the BST material is printed with a drop-on-demand inkjet printer (Microdrop). The ink is prepared from a ceramic powder which was obtained through a sol-gel synthesis with subsequent calcinations. A stirred media mill was used for dispersion of the BST particles in an organic solvent. Printing is done on a heated alumina substrate using a single nozzle printhead with 100µm orifice diameter. The topography of the printed films is controlled through adjusting the ink rheology and the drying temperature. After drying of the inkjet printed films, the specimens are sintered at 1150°C for 1h and thus ready for patterning. In the patterning process, first a chrome/gold (20nm/60nm) seed layer is evaporated on the BST surface. The chrome layer is used as an adhesive layer between the BST and the gold layer. In the next step the patterning of the RF electrodes done by photolithography and gold electroplating process followed by removing of the gold seed layer. The final gold layer thickness is 2 m [6] . To characterize the BST material, interdigital capacitor (IDC) has been fabricated and measured by on-wafer probes.
In Fig. 2 , the measurement results at 10GHz are depicted. The gap width of the IDC is 10um to concentrate the electrical field in the gap. By applying 20V/um a maximum tunability of 35% has been achieved. The minimum Qfactor in the untuned state is around 10. The characterization has been used to calculate permittivity and loss tangent of the material. The permittivity of the material changed from 220 in untuned state to 140 in the maximum tuned state (200V). 
TUNABLE PHASE SHIFTER
The ideal equivalent circuit of a transmission line consists of series inductances and parallel capacitances. An ideal unit cell of the transmission line is shown in Fig. 3(a) . By inserting a parallel tunable capacitance, the phase velocity of the line can be changed [7] . The phase velocity of the transmission lines is calculated by equation (1).
At the same time the characteristic impedance of the transmission line is changed. The prototype of the loaded line phase shifter in coplanar waveguide is depicted in Fig. 3(b) . Each unit cell consists of two tunable capacitors. To reduce the total size of the phase shifter the distance between the unit cells has been decreased. In order to compensate the reduced inductance, the connection lines to the varactors were made larger. The capacitance of the first unit cell at the input and output were chosen smaller for better matching. Two BST strips are inkjet printed on top of the aluminum oxide substrate and the capacitors are placed on top of them. The BST strips have a thickness of 2.1µm and width of 300µm. 
SIMULATION AND MEASURMENT RESULTS
The proposed load line phase shifter is designed for the frequency range from 8 GHz to 10 GHz. The Agilent ADS simulation tool is used for the lumped element circuit and the method of moment simulations. To increase the accuracy of the simulation, the tunable capacitors are first designed on a substrate consisting of a 2.2µm thick BST layer on top of an aluminum oxide substrate with 635µm thickness, and the other section of phase shifter directly on top of the aluminum oxide substrate. The simulation results are depicted on Fig. 4 . The permittivity of the untuned BST layer is 220. By changing the permittivity of the BST layer to 140, a phase shift of 170° at 10GHz can be achieved.
To reach the maximum tunability, the gap width of the capacitors is designed to be 10µm. The return loss of the phase shifter is below -15dB in the coverage bandwidth. Because of the BST material properties, the insertion loss decreases with the change in permittivity. The maximum insertion loss is for the permittivity of 220 in the untuned state. The shown curves in Fig. 4 show the phase shifter response in the untuned and the maximum tuned states. Due to the characteristic of BST varactors, the curve can be tuned continuously between the two states, thus the complete range between them can be covered. The total size of phase shifter is 8mm × 6mm.
The measurement results in Fig. 4 are depicted. The biasing voltage has been applied by Bias-Tees at the input and output. By changing the bias voltage from 0V to 200V, a phase shift of 175° at 10GHz is achieved. Simulation and measurement results show a good agreement. The reason of the difference in the insertion loss is the fact that the tangent loss of the BST is higher than expected. At 10GHz the insertion loss is 8.5dB that gives FoM of 20° /dB.
CONCLUSION
The inkjet printing BST thick-film as a new method for tunable microwave components has been demonstrated in this paper. A loaded line phase shifter was designed and fabricated. The fabricated prototype exhibits a compact size and low current consumption (less than 0.1mA) with 9 unit cells. The achieved phase shift at 10 GHz was 175° with a FoM of 20°/dB. To cover the 360° phase shift range for real application, the number of the unit cells can be increased. For lower insertion loss, the loss factor of the BST has to be reduced. Equivalent varactors on screen printed BST has shown Q-factors higher than 25. Also by using vertical capacitors instead of IDC, it is possible to reduce the biasing voltage or increase the tunability.
